Introduction
Surface reconstruction methods allow advanced analysis of brain data beyond what can be achieved using volumetric images alone. For instance, signals from distinct functional areas within the cortical sheet can be aligned, averaged and compared across subjects, while correctly modeling the folded geometry of the cortex. Even so, automated generation of cortical surface meshes from MRI data often leads to topological defects and geometrical artifacts that usually must be corrected to permit subsequent analysis. Topological defects prevent the surface from being homeomorphic with a sphere, while artifacts are topologically correct sharp peaks (usually due to noise) that do not represent the true cortical anatomy. Spherical harmonics (SPH) have been recently used for modeling brain surface meshes, usually in the realm of shape analysis (Brechbühler et al., 1995, Thompson and Toga, 1996) . Here, we propose a method to repair cortical surface defects using a reconstruction based on SPH.
Methods
SPH can retrospectively correct topological errors directly on the brain surface mesh. In summary, the process includes the following steps: (1) inflating the surface to a sphere; (2) defect labeling for "cut" or "fill" operations using the intensity values and 3D position in the original T1 image; (3) adjustment of radii for defect points in the spherical mapping to favor certain sets of points during nearest-neighbor search for re-parameterization; (4) reparameterizing the mesh into spherical coordinates; (5) forward and reverse Fourier transforms of the data to create a high-frequency reconstruction, with a modified fast Fourier transform (Kostelec and Rockmore, 2004) ; (6) low-pass filtering of coefficients using a 128-order Butterworth filter to create a smoothed reconstruction; (7) patching the low-pass filtered reconstruction into the high-frequency reconstruction for points with high sharpness values (large angle between normals of neighboring polygons) that are located in regions formerly containing topological defects; (8) correction of self-intersections using a local smoothing operation limited to affect <0.1% of the total number of points (Figure 2c ) (Yotter et al., submitted) ; and (9) 40 iterations of T1 intensity image post-correction that uses a surface deformation approach (MacDonald et al., 1994) , as implemented in a publicly available software package (BICPL).
Three data sets were used to evaluate the validity of this approach: (a) an artificial 60-mm Hausdorff distances and mean distance errors were calculated for the first two data sets, while an expert scored the corrections for the 10 control subjects. Figure 1 shows the correction of the topological phantom. Topological defects are correctly filled/cut, and geometrical artifacts are greatly reduced. The forward Hausdorff distance is 1.71 mm (due to the remaining geometrical artifacts (blue arrows) that originally deviated by 12 mm from the ideal surface) and the forward mean distance error is 4.7 µm. Figure 2 shows typical corrections from the 12 scans of the same brain. Away from topological defects, the original surface mesh is relatively unchanged, which is apparent by comparing distance error maps of the uncorrected and SPH corrected surfaces (Figure 3) . The corrected surfaces all had an Euler number of 2, and there were only 3 self-intersections for 24 hemispheres (compared to 13 self-intersections in the uncorrected surfaces). Compared to the "gold standard" averaged brain, the mean forward distance error was reduced from 0.749 mm in the uncorrected surface to 0.537 mm, while the average forward Hausdorff distance changed from 10.949 mm to 6.855 mm. SPH accurately corrected large defects with multiple holes and handles (Figure 4) .
Results
For the 10 healthy controls, SPH correction accurately repaired topological defects in 93% of the cases (score of + or 0), of which 9% were only partially correct. For the remaining 7% (score of -), errors arose from incorrect labeling for fill/cut operations or incorrect bisecting of the defect points due to an unusual geometry of the defect.
By using a fast Fourier transformation rather than calculating the spherical harmonic coefficients directly, the full topology correction process using spherical harmonics (including identification of defects, smoothing, patching, and so on) requires approximately 6-8 minutes on a 2.4 GHz iMac for a mesh with 150,000 vertices. This excludes the initial spherical mapping generation and T1 post-correction; the latter step requires approximately 8 minutes of additional processing time.
Conclusion
Topology correction using SPH successfully removes topology defects and reduces geometrical artifacts. The approach is also valid for large defects that contain multiple holes and handles (Euler characteristic less than -10). It accurately corrects most of the topological defects, and considering that this is a new approach, it is expected that, with future refinements, the correction accuracy will increase in the future. In conclusion, we found that topological correction using spherical harmonics offers a fast, accurate method to correct topological defects in cortical surfaces used in brain mapping. We verified this qualitatively and quantitatively. As the approach is fairly straightforward, it is readily included in a full surface data processing pipeline. Surfaces generated using this method are anatomically more accurate than the original uncorrected surfaces, are homeomorphic to a sphere, and are suitable for inter-subject analysis.
